Increasing the power density and efficiency of electric machines (motors and generators) is integral to bringing Electrified Aircraft (EA) to commercial realization. However, power density and efficiency are not qualities that can be developed independently. At the heart of any electric machine are the conductors (usually copper) that carry current and generate magnetic fields. Increased power density means increased current density and increased joule heating in a smaller volume. To increase efficiency at the wire level means minimizing electrical resistance and hence power lost to joule heating. There are fundamental challenges with concomitantly increasing both power density and efficiency since the copper resistivity is very temperature sensitive at common electric machine operating conditions. Simple calculations of the linear increase in resistivity of copper as a function of temperature, reveals that a one degree Celsius increase in temperature results in a 0.39% decrease in efficiency. Conversely, a 20 degree Celsius decrease in copper temperature produces a 7.8% increase in efficiency. Therefore, improved thermal management concepts for electric machine building blocks such as stator winding are a priority for improving efficiency and power density. This paper proposing changing the view of component materials in the stator slots from individual components with singular functionality to a composite system where the components take on a multifunctional roles. In the composite framework, achievable material development goals are defined that together have maximum system impact on the thermal environment inside of high power density electric machines for aerospace applications. 
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II. Introduction
Increasing the power density and efficiency of electric machines (motors and generators) is integral to bringing Electrified Aircraft (EA) to commercial realization [1] . However, power density and efficiency are not qualities that can be developed independently. At the heart of any electric machine are the conductors (usually copper) that carry current and generate magnetic fields. Increased power density means increased current density and increased joule heating in a smaller volume. To increase efficiency at the conductor level means minimizing electrical resistance, and hence reduce power lost to joule heating. The fundamental challenge with concurrently increasing both power density and efficiency is that conductor resistivity increases with temperature, making machine operation sensitive to temperature increases. Simple calculations of the linear increase in resistivity of copper as a function of temperature, reveals that a one degree Celsius increase in temperature results in a 0.39% decrease in efficiency. Conversely, a 20 degree Celsius decrease in copper temperature produces a 7.8% increase in efficiency. Therefore, improved thermal management concepts for electric machine building blocks such as stator winding are a priority for improving efficiency and power density. This paper proposing changing the view of component materials in the stator slots from individual components with singular functionality to a composite system where the components make on a multifunctional roles. In the composite framework, achievable material development goals are defined so that together have maximum system impact on the thermal environment inside of high power density electric machines for aerospace applications.
III. Stator Slot Materials Description
A typical electric machine stator slot consist of the conductor surrounded by insulating material (wire insulation). The wire insulation keeps wires from transferring current from one to the other. Many configurations this current transfer would create a short between the high and low electric potential points in a slot negating the functionality of the windings. In other cases current transfer between wires would dramatically decrease the efficiency of the machine. Mechanical stability is also of concern, specifically vibrations caused by operation cause the wire insulation to chafe. Therefore a stabilizing (potting) is used to minimize wire motion. High voltage insulating materials (slot liner) are used to keep arcing/breakdown from happening between different groups of windings and/or magnetic material of the slot as shown in Figure 1 (a) . A nominal description of thermal management consist of heat generated in the conductors moving through the wire insulation and through the insulation and then through a maze of potting material and wire insulation before passing though the slot liner and then out through the metal slot to a heat sink. Therefore the discussion starts with examining the wire-insulation-potting system, and then progresses to include effects of the high voltage insulation.
Twisted bundles of thousands very fine wires (Litz wires) are used in high performance, alternating current applications to reduce eddy current losses and are key to efficient high power density motors [2, 3] . This leads to 100 micrometer or smaller wires with an isolative coating, shown in in Figure 2 . At its thinnest the coating is ~5 micrometers for a single build and ~ 10 micrometers [4] for a double build consisting of a polyimide with thermal conductivity of ~0.1 W/m-K [5] surrounding the copper wire with a thermal conductivity of 385 W/m-K. While the insulation is relatively thin in thickness and large in surface area, it is distributed throughout the entire volume of the slot. In terms of cross sectional area (neglecting the high voltage insulation), for Litz wire, the copper wire occupies 40%-70% of the area depending on the build, while the insulation roughly 10% of the volume, depending the build (how the wire bundles are twisted together). The remainder of the area consist of potting material. Potting material's primary function is to provide mechanical stability of the stator windings with a secondary role of removing free space between wires and thus reducing the possibility of micro plasmas forming between the wires. Due to the potentially large volume the potting material may occupy, using the potting to increase the thermal conductivity is an attractive possibility. Nominally, these materials have a thermal conductivity ~0.1 W/m-K, but recently potting materials with thermal conductivities ~4 W/m-K [6, 7] have become commercially available. These materials use high thermal conductivity filler materials such as alumina titanium dioxide, that are difficult to fully impregnate into the small volumes found inside of Litz wire. High voltage insulation appears between the metal slot and the windings and is also often used between windings inside of the slot. The thickness of this material varies depending on the voltage rating of the electric machine. The dielectric breakdown voltage for a 127 micrometer thick voltage separator is 2.5 kV -4.5 kV depending on the product and has thermal conductivity ranges from 0.1-0.3 W/m-K [5] . At 127 micrometer thick high voltage insulation comprises less than 5% of the cross sectional area of the slot, but provides a significant thermal break between the internal slot materials and the metal slot. Since most motor designs use cooling through the metal material (typical cobalt-iron slot material ~30 W/m-K) that bounds the slot, the high voltage insulation represents a significant thermal bottleneck. 
IV. Thermal Performance
In order to understand the different materials' impact on composite thermal performance, models have been used that highlight the tradeoffs between different material properties. First, the interaction between the potting material and the insulation on the copper wire is modeled. Fortunately, the transverse and axial can be approximated with simple equations of mixture.
The variables KCu, Kins and Kepoxy are the thermal conductivities of the copper wire, insulation, and epoxy (potting material) respectively and likewise Cu, ins and epoxy are the volume fraction of the copper wire, insulation and epoxy (potting material) respectively. This approximation was verified using a simple finite element analysis (FEA) of an array of insulated wires within an epoxy matrix. With the thermal conductivity copper two orders of magnitude greater than any of the other components, the axial thermal conductivity (equation 1) is dominated by the by copper. On the other hand copper will play a much smaller role in the transverse thermal conductivity, plotted in Figure 3 . The transverse model results show the impact of polyimide coating thickness, and thermal conductivity of the potting material. First, doubling of the insulation material thickness cuts the thermal conductivity by ~40%. Second, the data tells us that increasing the potting material thermal conductivity to or above 1 W/m-K will have a substantial impact (4.5 -7 X), but further increase only results in ~20-25% benefit. Therefore, using potting materials with a thermal conductivity for 1-2 W/m-K that work in a variety of conditions (some already commercially available) is a logical step. Preliminary potting material infiltration experiment results, Figure 1 b ) and c), show that epoxy of 1000 cps or less can fully infiltrate a Litz wire a high voltage insulation overwrap, a nylon support structure and completely through the base bundles that of thousands individual 45 micrometer diameter (AWG 44) wires. the configuration may need a significant dielectric breakdown strength. In a Litz wire configuration, the wires in a bundle are, in theory, at the same potential. However, the magnetic fields that drive the eddy currents will create a slight potential across the bundles and therefore some separation is necessary so that eddy currents will not transfer from wire to wire. A material with a lower dielectric strength, but higher thermal conductivity may significantly increase the combined thermal conductivity of wire-insulation-potting material system while satisfying the electrical insolation needs. Initial experiments have shown that impregnation of commercially available epoxy with a thermal conductivity of 1.2W/m-K is more than 90% between individual wires and more than 80% between bundles. While there are some wires in contact with each other, this level of insulation may be enough to disrupt the eddy current flow, and thus minimize that loss mechanism while eliminating a thermal bottleneck Next, FEA is used to determine the contribution of the high voltage insulation to thermal management is considered is used to. Figure 4 shows a theoretical slot with metal cobalt-iron material on one side of 2 Litz wires, each wrapped in a 300 micrometer thick high voltage insulating material and an integral high thermal conductivity cooling fin. The analysis show a 13 degree Celsius decrease in wire temperature by simply increasing the thermal conductivity 0.12 W/m-K to 0.24 W/m-K. Therefore, a modest goal of increasing the thermal conductivity to 0.5 W/m-K without increasing thickness or decreasing breakdown strength would be a significant benefit to the system. While this FEA is a reasonable first step in building our understanding of the thermal system, a microthermal model that incorporates more of the details of the composite structure will be necessary. Capturing the changes in the packing of the individual wires, and its influence on thermal conductivity is the initial step for a microthermal model. High fidelity generalized method of cells (HFGMC) method utilized for the microthermal model here is a higher-order refined micromechanical theory extended by vector constitutive laws, and has evolved from its lower-order predecessors, the method of cells [8, 9] , and the generalized method of cells (GMC) [10] . This micromechanical/microthermal model is capable of predicting effective properties such as thermal conductivities, and local field distributions for a detailed nonlinear analysis of multiphase composites. Unlike general classical numerical methods such as FEA, the HFGMC is tailored and specialized to micromechanics of periodic composites or any periodic multiphase media. Elastic and inelastic concentration tensors are established via micromechanical variables of the phases in addition to the detailed local fields. The formulation of HFGMC is performed using average equilibrium, traction and displacement continuity equations with some distinct differences between this method and FEA. For example, displacement continuity should be satisfied pointwise at nodes in FEA, while HFGMC requires an average satisfaction criterion at the interfaces. Another difference lies in the form of equilibrium equations. In FEA the weak form of equilibrium through energy/virtual work is satisfied through nodal forces, whereas in HFGMC strong from of equilibrium equations imposed in a (b) (a) volume-average sense within a subcell is the main equilibrium criterion. Periodicity conditions in FEA are imposed through displacement boundary conditions at the nodes of a given representative unit cell (RUC), while in HFGMC periodicity is imposed through continuity of displacements and tractions in an average sense at the surface of the RUC. This micromechanics/microthermal tool aims to strike a balance between simplicity, accuracy and efficiency without the need for excessive computational power. Several applications and implementations of the HFGMC have been performed to model different physical effects in multiphase periodic media, such as coupled electro-magneto-thermo-elastic effects [11], viscoelasticviscoplastic micromechanics [12] , bond damage of fiber [13] and physical phenomena governed by vector constitutive laws such as thermal and electrical conductivity, electrical permittivity, magnetic permeability, and diffusion [14] . A comprehensive recent reference to the HFGMC method with wide range of applications can be found in Aboudi et al. [9] . Figure 5 depicts the difference between mechanical field estimations in HFGMC and FEA for a given circular fiber embedded in a matrix. As one can see, accuracy of HFGMC is very close to the FEA with a super-efficient computational time, which is 10 times shorter than FEA. Mechanical field distribution shown in this figure is exactly analogous to a thermal field distribution in a micro-thermal model. The efficiency of the computational time is of significant importance because the arrangement of materials in a composite media repeats its self-thousands to millions of times in order to create a structure. Therefore, to accurately predict material properties and functionality the model must include a large number of the repeated structures (representative unit cells). While this is possible in FEA through introduction of periodic boundary conditions, the computational time makes it extremely impractical especially compared to HFGMC. Utilizing the above-mentioned methodology, the developed micro-thermal model for the litz wire system consisting of a conductor, a potting material, and an insulator, is used to provide a preliminary prediction of thermal conductivities of various packing systems illustrated in Fig 6. (K11 stands for longitudinal conductivity parallel to the conductor, K22 and K33 stand for transverse and through-thickness conductivities, respectively). As seen in Fig 5, computational times are in the order of seconds, and therefore one has the opportunity to analyze multiple variations of wire packings in a much more efficient way than using multiple FE analysis. Although these results are not validated experimentally, they provide a deeper insight on how the conductivity is affected with uniform/ordered versus non-uniform arrangements of the three phases in the composite wire medium. As it can be seen from these preliminary results, a random distribution of the packing has the lowest longitudinal and transverse conductivities with more than 50% reduction in both directions. While the wire arrangements are not a perfect representation to the wires in a Litz wire bundle, they are a necessary first step in understanding this geometrical problem. Detailed microstructure images of the litz wire system will provide very useful information on the system arrangements and conductivity estimations. Validation testing will be conducted to verify and improve the models accuracy. Once the microthermal model is complete the results can be feed into the larger scale finite element model to improve accuracy and predict whether micro level variations will influence the macro scale results, and how significant the effect would be. Further material testing and incorporating micro thermal modeling analysis that combines packing configurations together with twisting nature of wire bundles, is a potential future plan. 
V. Conclusions
In conclusion, bridging the design with the material and designing the material gap for electric machines in aerospace application takes a significant shift in the conceptualizing the material systems. In the case of the stator conceptualizing the insulation materials systems as composite is the key gaining the necessary multi-functionality that satisfies electrical, thermal and mechanical requirements. By treating the system as composite, instead of individual components, modest, achievable goals can be set. An example of such goals are thermal conductivities for potting materials > 1 W/m-K, and 0.5 W-m/K for the slot liner and possibly replacing the insulation material on the Litz wire. These goals are backed up by finite element modeling and proof of principal experiments. Higher fidelity micro thermal modeling along with testing and model validation will bring more clarity to how the physical system behaves and will also refine the material development goals.
